The oil flotation behaviour of emulsifiable oil was studied using N-octyl-N-benzyl-N-methylglycine (OBM) as the collector and heavy alkylate naphthalene sulphonates (HNS) as the de-emulsifier. The study showed that the surface tension has an effect on oil recovery. The interfacial tension at the air/water interface was controlled by the use of an alcohol such as ethanol, n-propanol and n-butanol and compared with the collector when used alone in froth flotation. The adsorption of the collector from the aqueous solution was investigated by measuring the surface tension as a function of concentration at different temperatures. Surface properties, in particular the critical micelle concentration (CMC), the effectiveness of surface tension reduction (P CMC ), efficiency (P C20 ), the maximum surface excess (G max ) and the minimum surface area (A min ), were measured at temperatures of 25, 35 and 45ºC, respectively. The results were discussed in terms of the adsorption isotherm and surface properties of the collectors at the solution/air interface. *
INTRODUCTION
The concept of critical surface tension was first extended to flotation in the 1970s (Finch and Smith 1972) . In a theoretical study, Hornsby and Leja (1983) have examined the relationship between the critical surface tension of wetting and the critical surface tension of flotation. It has been shown that flotation using liquid/vapour surface tension control may be applied to the selective separation of two inherently hydrophobic solids.
The adsorption of surfactants at interfaces plays a significant role in many physicochemical processes (Drelich et al. 1996; Mielczarskin and Mielczarski 1995) . Such adsorption has been the subject of detailed studies to elucidate its mechanism and to determine the significant kinetic and thermodynamic parameters which affect it (Somasundaran 1972; Leja 1982) . It has been shown that the performance of surfactant molecules at an interface depends strongly on the chemical structure of the molecules and on the nature of the interface (Holland and Rubingh 1992) . The surface tension is one of the important physical parameters at a liquid/vapour interface and can be measured without serious difficulty (Adamson 1982) .
The waste clay produced from the refining of used lubricating oils contains about 30% oil whose selective separation has been effected by flotation using linear alkyl benzene sulphonates as a collector. In this case, the liquid/vapour interfacial tension was controlled by the use of methanol . Mixtures of anionic/non-ionic surfactants have also been used as a collector for selective oil separation from emulsifiable oil using a cationic surfactant as a de-emulsifier (coagulant) . The selectivity observed has been explained in terms of the surfactant concentration and the structure of the micelles formed (Omar et al. 2001) . Yarer and Hemphill (1984) have evaluated the dependence of the critical surface tension of oil from oil shells. The present study deals with the effect of added co-surfactants on the flotation efficiency and surface properties of N-octyl-N-benzyl-N-methylglycine (OBM), i.e.
when used as a collector. -Octyl-N-benzyl-N-methylglycine (OBM) was synthesised by allowing 3 mol N-methylbenzylamine and 1 mol sodium chloroacetate to react overnight in pure ethanol at 50ºC. The resulting solution was treated with Na 2 CO 3 and recrystallised from isopropanol. The product was quaternised with bromo-octane in ethanol (Omar 1994 ) and then recrystallised further from carbon tetrachloride. The resulting product had the formula H 17 C 8 (CH 2 f)(CH 3 )N + (CH 2 COO -) and was applied as a collector. Samples of heavy alkylate naphthalene byproduct were supplied by the El-Nasr Coke Manufacturing Company. These were treated with active clay to remove heterocyclic and resinous compounds. The resulting material was sulphonated using a method described elsewhere (Omar 1994) , purified and recrystallised. The heavy alkylate naphthalene sulphonates (HNS) obtained were used as a de-emulsifier.
EXPERIMENTAL

N
The surface tensions for various concentrations of the collector were measured using a Kruss type 8451 Duy Noy tensiometer at different temperatures (Gad et al. 1999) with an accuracy of 0.20 mN/m. Table 1 lists the physical properties of the oil emulsion samples obtained from the aqueous swage of cutting machines. The oil content of each sample was determined gravimetrically to an accuracy of ±10 mg/l (Oldham 1985) . Flotation experiments were conducted using a modified pneumatic froth meter (50 cm in length) at neutral circuit, employing a nitrogen velocity of 6 cm/s (Omar 1996; Omar et al. 2001) . The samples studied were conditioned with de-emulsifier (HNS) for 10 min, following which different concentrations of collector (OBM) were added and the floated oil collected at a surface tension maintained constant for 2 min by the addition of alcohol. After completion of the test, the recovered oil was collected, washed several times with hot water, dried and its weight determined (Oldham 1985) .
RESULTS AND DISCUSSION
A series of experiments was conducted at 25ºC employing a mixing time of 15 min and a stirring rate of 1200 rpm. The results obtained are depicted in Figure 1 in terms of the percentage oil separation versus the molar concentration of HNS employed and the interfacial tension between the oil and water. Oil separation was improved as the concentration of HNS increased with a maximum being attained at 10 -2 mol/l. At the same time, the interfacial tension between the oil and water phase increased from 7 mN/m to 12 mN/m. Such results demonstrate that an increase in the HNS concentration was accompanied by its increased adsorption in the interface. This resulted in an increase in the interfacial tension between the two phases (oil and water) due to the rupture of the thin film formed between adjacent droplets allowing their ready transformation into one phase. At the same time, the HNS molecules adsorbed on to the oil droplets and hence increased their hydrophobicity towards water. Such a result is compatible with data published by us elsewhere . Figure 2 depicts plots of the surface tension (g) versus the logarithm of the collector (OBM) concentration that allow the critical micelle concentrations (CMC) of OBM to be determined from the plateau values obtained at each temperature studied. It will be seen that the CMC values showed a decreasing trend with increasing temperature. The surface excess concentration, G (mol/m 2 ), and the area per molecule, A (nm 2 ), at the liquid/air interface may be calculated from the relationship (Rosen 1978; Omar and Nagui 1998): 1
ae
where g is the surface tension of the solution, C is the molar concentration of OBM, and R and T are the gas constant and the absolute temperature, respectively. The area per molecule, A (nm 2 ), may be calculated from the surface excess concentration, G, via the relationship:
where N is Avogadro's number and G is in mol/m 2 . The effectiveness of surface tension reduction, i.e. the surface pressure, P CMC , may be calculated from the equation:
where g 0 is the surface tension for pure water at an appropriate temperature and g is the surface tension at the critical micelle concentration. Values of the efficiency, P C20 , defined as the concentration of surfactant OBM capable of suppressing the surface tension by 20 mN/m, are listed in Table 2 , while Figure 3 shows the effect of the OBM collector concentration on the surface excess concentration. From this figure it will be seen that as the OBM concentration increased the surface excess concentration also increased, but over two ranges. In region I which corresponds to C < 0.01 mol/l, the value of G increased rapidly with concentration; in contrast, in region II which corresponds to C > 0.01 mol/l, the value of G increased only slightly. The figure also shows that the surface excess concentration increased with increasing temperature and attained monolayer capacity at a bulk concentration equal to 0.01 mol/l, i.e. close to the CMC concentration. Such results indicate that at lower temperatures the OBM molecules tend to form micelles rather than undergo adsorption at the solution/air interface, whilst at higher temperatures because of their increasing number of degrees of freedom the molecules tend to adsorb as free ions (see data in Table 2 ). It will be seen from equations (1) and (2) above that the area per molecule for OBM depends upon the temperature of the system, while the presence of electrostatic attraction between the opposite charges of the molecules tends to increase the number of molecules per unit area. Figure 4 depicts the relationship between the surface pressure, P, and the area per molecule, A, expressed in nm 2 . It is clear from the isotherms depicted that horizontal lines are obtained for surface molecular areas less than 1 nm 2 . As the collector concentration in the system increased, the values of P and A decreased until P was in the range 30-35 mN/m. At such values, the collector concentration was close to the CMC value at the various temperatures studied with complete monolayer coverage occurring at the liquid/air interface, i.e. the degree of surface coverage was equal to unity. Molecular motion increased as the temperature of the system increased and this led to a decrease in the area occupied per molecule at the interface. Further increase of the collector concentration above the CMC value did not affect the value of P since the surfactant molecules started to form micelles under these conditions.
The influence of added alcohol on the CMC value of OBM at 25ºC is depicted in Figure 5 , which shows the effect of adding ethanol, n-propanol and n-butanol to the system. It will be seen that the CMC value decreased gradually with increasing alcohol addition up to 6.0 wt% and then increased at higher alcohol concentrations. Such behaviour may be attributed to penetration by the alcohol molecules of the micelle core leading to an increase in the attraction between the OBM molecules. This initially led to a decrease in the CMC value but this was counterbalanced by solvation of the molecules so that when a high percentage of alcohol was present in the system the CMC value increased. The values of the CMC depicted in Figure 5 indicate that n-butanol was the most effective in initially reducing the CMC value. In this case, the decrease in the CMC up to the critical value of 6.0 wt% alcohol indicates a greater acceleration of the micellisation process relative to adsorption at the aqueous solution/air interface; above 6.0 wt% alcohol, inhibition of micellisation occurred.
The influence of the surface tension on oil recovery is shown in Figures 6 and 7 which depict the results of experiments where different concentrations of OBM solutions and alcohol were applied, respectively. In all cases, 0.01 mol/l HNS was used and flotation tests were undertaken for 2 min at 25ºC. It will be seen from Figure 6 that the interfacial tension in the system increased steadily over the range 9.0-14.0 mN/m as the OBM concentration was increased but that the percentage oil recovery attained a plateau value above an OBM concentration of 0.1 mol/l. In contrast, Figure 7 shows that, at a constant OBM concentration (which for optimum oil flotation was 0.007 mol/l, i.e. slightly higher than the CMC value), increasing additions of alcohol to the system caused the surface tension to vary in the range 30-52 mN/m at 25ºC. Oil flotation was not possible at a surface tension of 30 mN/m, the best value being 45 mN/m in the experiments conducted. The results can be interpreted in terms of the isotherms shown in Figures 3 and 4 . At a concentration of 0.007 mol/l the collector molecules tend to adsorb at the oil/water interface, thereby increasing the hydrophobicity of oil towards water and also the interfacial tension at the oil/water interface. In addition, an increase in the collector concentration leads to increasing collector adsorption at the interface, the aqueous phase changes from a high-energy situation to one of low energy and this leads to an increase in the percentage oil recovery. optimum collector concentration of 0.007 mol/l. It will be seen from the figure that the percentage oil recovery could be related to the weight percentage of alcohol added under constant flotation conditions. Oil recovery increased as the weight percentage of alcohol increased in the system up to a maximum of 6.0 wt% and then decreased slightly in value. Such results are compatible with the decrease in CMC value of the system on adding alcohol. Reduction in interfacial tension as a result of surfactant adsorption increased sharply in the region just before the CMC value, with the collector molecules tending to adsorb at the interface and increasing the hydrophobicity of oil. At higher alcohol concentrations the suppression in the percentage recovery of oil may be attributed to increasing solubilisation by the alcohol molecules of the collector micelles, accompanied by the increasing tendency of the latter to be involved in micelle formation. Consequently, oil recovery diminishes.
CONCLUSIONS
The surface chemical conditions necessary to achieve effective recovery of oil by flotation methods have been discussed in terms of the influence of the collector concentration on the surface tension of the system and the properties of the adsorbed film at the air/water interface. The data obtained confirm that the efficiency of the collector depends on its CMC value and that the surface tension at the air/water interface may be controlled by the concentrations of collector and alcohol added to the system. The optimum flotation conditions for the system under study have been determined.
